We describe a method for obtaining the specific activity of 14C in urea, essential in the measurement of the synthesis rate of a plasma protein in vivo, which is simpler than the original procedure. The principle is the measurement of 14C02 and NH 4 + separately, after incubation with urease. A simple alteration gives samples of IJC02 for mass spectrometry. The 'recoveries' of 14C and IJC in urea were invariably between 90 and 96% and the CV was 3%.
The determination of the specific activity or isotopic enrichment of carbon isotopes in urea is essential in studies of the rates of synthesis of plasma proteins in vivo by variants of the method introduced by McFarlane. I-X
The method is based on the urea synthesis cycle, and although it has been the subject of controversy,')-11 it has been shown to give reliable results.3.4.5·X. 12 In outline, the method depends on the incorporation of 14C, given intravenously as Na214C01, into the guanidine carbon of arginine. The labelled arginine enters a common pool from which it is incorporated into liver proteins by de novo synthesis and from which the plasma urea is also derived. By measuring the specific activity of 14C in the plasma urea and in the guanidine carbon of arginine in the plasma protein under investigation, it is possible to calculate the synthesis rate of the protein, provided the synthesis rate of urea can be determined. A suitable way of determining the synthesis rate of urea is to inject 13C-labelled urea intravenously together with the Na214C03' From the area under the decay curve of 13C-labelled urea from plasma, the catabolic rate of urea can be obtained. It is a reasonable assumption that in the period of the study, which is about 12 hours in humans, the rate of synthesis of urea equals its catabolic rate . ' The use of [14C]carbonate as precursor rather than [14C]arginine minimises errors due to 378 recycling of 14c. \.\3 A possible explanation is that when [14C]arginine is used as a precursor, this can be taken up by all cells, with the result that all proteins may be labelled, including immunoglobulins. In contrast, when [14C]carbonate is precursor, labelled arginine is produced only in hepatocytes and consequently only proteins produced by the liver contain significant amounts of 14c.
The successful application of the method is dependent on the accurate and precise measurement of the specific radioactivity of 14C in the plasma urea, its IJC enrichment, and the specific activity of the 14C in the urea derived from the guanidine carbon of arginine isolated from the 14C-labelled plasma proteins. In the original method, I after treatment of urea with urease, the CO 2 C 2 C + 11C+14C) was quantitated by manometry, then transferred to scintil-Lant or to a mass spectrometer. This procedure involved specially designed apparatus and a large number of manipulations which rendered the method subject to various sources of error, minimised only by a high standard of technical expertise. 14 The aim of the present study is to show that after the hydrolysis of urea by urease to CO 2 and NH 4 +, the chemical determination of ammonia and the separate determination of the isotope content of the CO 2 give a simple and valid method of determining the specific activ- [DC]urea (90% atoms DC) was obtained from Merck Sharpe and Dohme Canada Ltd, Montreal, Canada.
A reaction vessel was constructed (J R McCulloch & Son, Scientific Glassblowers, Glasgow) based on a previous design, I (Fig. 1 ).
Simplified I I4 C/ carbonate method for plasma protein synthesis rate 379 approach of determining NH 4 + and carbon isotope content of urea separately on the sample was compared with the gravimetric method 15 for measuring the specific activity of [14C]urea.
THE CONWAY MICRO DIFFUSION METHOD
Urease/urea reaction e 4 C]urea solution (l'5 mL) was pipetted into the outer well of a NO.1 Conway unit, I~and 0·5 mL of 2-phenylethylamine (PENH 2 ) was placed in the centre well. Then 0·5 mL of urease solution was transferred to the outer well and the unit quickly sealed with the cover previously smeared with petroleum jelly. The contents of the outer well were carefully mixed by tilting, and the unit incubated at 30°C for 30 minutes with occasional mixing. At the end of
Estimation of ammonia
The Auto.Analyzers' adaptation of the Berthelot reaction method!' was used with the following modifications: all Conway unit aqueous reaction mixtures after thorough mixing were diluted 1 in 3 or greater with deionised water before analysing for NH 4 + . Additional details of reagents used are given in the Appendix. Ammonium sulphate solution was used for calibration with points at 0·25, 0·50, 0·75, 1·00, 1,50, and 2·00 mM with respect to NH 4 ". Calibration was repeated with each group of ammonia estimations. Results were calculated manually by measuring peak heights from the base line and calculating ammonia values and hence urea concentration using the calibration curve. This was found to be the most satisfactory method, particularly for the lower values. A 'blank' determination of ammonia was made on all urea solutions.
Estimation of J4C02
The contents of the centre well of the Conway units were transferred to a counting vial and the well was washed twice with methanol/toluene (2:3, vol:vol) mixture (total volume 7·0 mL), the washings being added to the counting vial. Then 7·5 mL butyl-PBD in toluene were added, the contents thoroughly mixed, then placed in the counter overnight to minimise chemiluminescence. The samples were then counted in a Packard 'Tricarb' liquid scintillation spectrometer (Packard Instruments, Wembley, London, UK) at predetermined settings. Efficiency was approximately 80% and the counting error 1%. Counts were converted to Becquerels (Bq) using a Wang Electronic 600 14TP calculator programmed for the solution of the equation for a quench calibration curve constructed using a standard beta source of C 4 C]hexadecane (Radiochemical Centre, Amersham, Bucks, England) with methanol as quenching agent.
THE VACUUM DISTILLATION METHOD (FOR

DETERMINATION OF 14C AND 13C IN UREA)
Urease/urea reaction Three mL of [14C]urea solution were pipetted into the centre bulb of the reaction vessel (Fig. 1) followed by 1 mL of urease solution into the left-hand side-arm, and 1 mL of the 1 M H 3P04 into the right-hand side-arm. The last two transfers were made using graduated pipettes bent at the tip. The centre bulb and side-arms were then immersed in an acetone/Cf), freezing mixture, the solutions allowed to freeze and the apparatus evacuated to a pressure of 2-3 mmHg using an Edwards high-vacuum pump and vacustat gauge (Edwards High Vacuum, Crawley, West Sussex, UK). The freezing process overcame problems due to frothing and bumping of the solutions and minimised losses due to evaporation. The stopcocks were closed and the contents of the centre bulb thawed in a 25°C water bath. This effectively filled the vacant space with water vapour thus reducing the vacuum and obviating problems due to frothing and premature mixing of the reagents as they gradually thaw out.
When all the reagents had thawed, the urease solution was introduced into the centre bulb by careful tilting and the centre bulb was immersed in a water bath at 25°C for 1 hour, with occasional mixing. At the end of the incubation period the 1 M H 3P04 was transferred to the centre bulb and mixed. The centre bulb was then immersed in liquid nitrogen and the rest of the vessel warmed in a stream of air to facilitate drying and condensation of all water vapour and CO 2 in the centre bulb. The centre bulb was then 'warmed' in acetone/Cfrj freezing mixture to release CO 2 but retain water vapour, and the cold finger was immersed in liquid nitrogen. The stopcock to the cold finger was opened, 5 minutes allowed for transfer of CO 2 and then it was closed. To liberate CO 2 trapped in the frozen aqueous phase the contents of the centre bulb were thawed in the 25°C water bath, re-immersed in acetone/Ctj, and another 5-minute transfer carried out. This final thawing and transfer procedure was repeated once more to ensure maximum recovery of CO 2 ,  With the stopcock to the cold finger closed, the vacuum in the remainder of the vessel was released. The aqueous contents of the centre bulb and side-arms were thoroughly mixed until homogeneous and then analysed for NH 4 + content as described above. A blank with deionised water replacing the urea solution and a standard urea solution were processed with each batch of ammonia determinations.
Estimation of 14C02
A 100 mL round-bottomed Q & Q flask (Quickfit Instrumentation, Stone, Staffs, UK) containing 2 mL of 2-phenylethylamine (PENH 2 ) was attached to the open end of the isolated cold finger. The flask and PENH 2 were immersed in liquid nitrogen and this section of the vessel evacuated as above. With the PENH 2 still immersed in liquid nitrogen the stopcock to the cold finger was opened to allow transfer of CO 2 over into the PENH 2 • The cold finger was warmed in a current of warm air to optimise recovery. Once transfer was complete, the stopcock was closed and the vessel placed on a shaker for half an hour to ensure complete reaction between the CO 2 and PENH 2 . The PENH 2 was then transferred to a counting vial, the flask washed with scintillant and counted as described above. The precision and accuracy of the method was tested by multiple analysis of a standard [14C]urea solution, and the two
Results
Determination of specific activity of 14C
After treatment with urease, as described in Methods, ammonia was determined by the procedure described above and this result used to calculate the specific activity (SA) of the urea, the 14C radioactivity of which had been determined. The results given in Table 2 show that the coefficient of variation of the method for determining the specific activity of 14C urea was 2·3X-2·85%.
The accuracy of the method was tested by carrying out multiple analysis on a standard solution of [14C]urea, the specific activity of which was determined by direct counting using a [14C]hexadecane internal standard to determine the counting efficiency. Further analyses were carried out on standard [14C]urea solutions to determine the accuracy of the method over a wide range of specific activity and at low THE CONWAY METHOD
Ammonia estimation
Preliminary work showed that the presence of PENH 2 in the centre well of the Conway unit interfered with the subsequent NH 4 + estimations, effectively reducing urea recovery by 10-17%. This interference of nitrogenous compounds as inhibitors of the Berthelot reaction has been found by other workers,19.2o and in this instance probably arises from the high vapour pressure of PENH 2 resulting in the condensation of very small amounts of this compound in the aqueous phase. It is clear from the results given in Table I that a dilution of 1 in 3 or greater with deionised water before determining NH 4 + is sufficient to overcome this problem.
Precision and accuracy of the Conway method
The precision of the method as described above This method is based on the precipitation of Simplified /14C/carbonate method for plasma protein synthesis rate 381 methods, the Conway microdiffusion method urea with xanthydrol" to give dixanthydrol and the vacuum distillation method, were com-urea (DXU) which is purified, dried and pared.
counted. Radioactivity was determined using Carb-o-Sils' to suspend the precipitate of DXU. l'i Due to the unsatisfactory nature of the results obtained overall from this study, the stoichiometry of the DXU precipitate was investigated. Six samples of DXU were prepared from six different samples of human plasma and subjected to mass spectrometry.
Measurement of / 13C/urea enrichment
The instrument used was an AEI MS902S double-focussing mass spectrometer which has a maximum static resolving power of 100 000 (10 ppm); A static resolving power of 10 000 was used for this work. The ion source temperature was held constant at 15()°C. Signals were collected via the electron multiplier and displayed on a meter. The peak-matching unit was used to switch between the 12C02 and the 13C02 ions. The vacuum system was thoroughly baked out over 2 days before analysing a series of samples. Gaseous samples C 2 C0 2 + 13C02) prepared as described above (Vacuum distillation method, urease/urea reaction) following the reaction with urease were transferred to a clean 100 mL round-bottomed 0 & 0 flask (i.e. without PENH 2), as described above (Estimation of 14C02). This simplified the introduction of the sample to the mass spectrometer via a cold inlet system. Any contaminating air was removed by pumping with the sample vessel immersed in liquid nitrogen. The sample was then expanded into a two-litre flask. The input line had a metrosilleak to allow a constant flow rate into the ion source and the sample was allowed to flow until a constant ion source pressure was reached. Thereafter a series of 10 readings were taken over a period of 5 minutes alternating between the 13C02 and 12C02 ions. The sample system was pumped for approximately 2 hours between samples and background readings taken before introducing each sample.
The accuracy of the above method was tested by analysing standard solutions of known IJC content. The atoms % 13C was calculated from the ratio of the ion intensities (R) at masses 44 and 45 using the formula: II 100 Atoms % IJC= _ _ R-l. in Table 3 . The solutions had a concentration of 3·33 rnrnol/L and a specific activity of 22823 Bq/urnol urea as found by direct counting. The coefficient of variation of the 10 estimations by the Conway method was 1·07% and for the vacuum distillation method 1·12%. Despite the fact that the recovery figures of 92·4 and 93·5% for the Conway and distillation methods are significantly different (Student's r-test 0·05> P> 0,025), the difference in mean recovery is only 1%, suggesting that there is little to choose between the two methods. Samples covering a wide range of specific activities of [14C]urea (2564 Bq/urnol to 161 Bq/urnol) were processed by each method, with the results given in Table 4 . Recoveries again lie between 90 and 95'Yo. The correlation coefficient (Pearson product moment r) of 0,99, and the gradient of 0·984 show good agreement between the methods. Table 5 shows the results of five analyses by each method on a 1 in 10 dilution of solution 2 (Table 4 ). This dilution gives a final urea concentration of 0·4 ILmol/mL although the specific activity remains the same at 1639 Bq/nmol urea. Recoveries once more fall within the range 90--95%. The CVs for the Conwav and vacuum distillation methods are 1·80% and 1·74% respectively. A Student's r-test showed no significant difference between the methods.
DETERMINATION OF 13C ENRICHMENT OF
UREA
The 13C content of three standard solutions of known [13C]urea content was determined, and the results are given in Table 6 . The theoretical values were calculated from the [uC]urea supplier's quotation of 90'Yo 13C and the natural abundance of Uc as found by the analysis of a Table 4 confirmed that the methods gave essentially the same results. The recovery figures of less than 100% with the Conway procedure could result from the use of 2-phenylethylamine (PENH 2) which forms a carbamate (phenethylammonium phenethylcarbamate, C17H22N202) with CO z . 24 The high vapour pressure of the PENH 2 results in a gas-phase reaction with CO 2 which can lead to deposition of the carbamate at points on the glassware other than in the main PENH 2 solution, thus lowering recoveries.
The results show that the two methods described are satisfactory for the measurement of the specific radioactivity of e 4 C]urea and offer simple alternatives to the original method 1.4 for the measurement of the synthesis rates of liver-produced plasma proteins. The time required by each method and the work involved make the Conway microdiffusion method the more attractive.
that this method could have some applicability to the [13C]carbonate method provided sufficient material in the form of urea is available and accurate weighing equipment of sufficient (ultra micro) sensitivity is at hand. Gasometric methods of analyses are tedious and subsequent quantitative recovery of the gas and transfer to a mass spectrometer introduces an additional possible source of error. The method proposed here has combined the advantages of simplicity with ready availability of equipment. Only one accurate dispensing of the sample is required and errors due to determination of CO 2 radioactivity and urea in separate samples are eliminated. Even if the reaction with urease is incomplete, the derived specific activity will be correct because the method ensures the preservation of stoichiometry. This method has been applied previously.F but the problems and advantages of the method have not been explored in detail. Some workers have already used Conway units!" to measure the specific activity of gow (Forrest Fund fellowship to sq. We are grateful to the Chemistry Department of the same University for the mass-spectrometry measurements.
